Abstract: Distance effect has been regarded as the best established marker of basic numerical magnitude processes and is related to individual mathematical abilities. A larger behavioral distance effect is suggested to be concomitant with lower mathematical achievement in children. However, the relationship between distance effect and superior mathematical abilities is unclear. One could get superior mathematical abilities by acquiring the skill of abacus-based mental calculation (AMC), which can be used to solve calculation problems with exceptional speed and high accuracy. In the current study, we explore the relationship between distance effect and superior mathematical abilities by examining whether and how the AMC training modifies numerical magnitude processing. Thus, mathematical competencies were tested in 18 abacus-trained children (who accepted the AMC training) and 18 non-trained children. Electroencephalography (EEG) waveforms were recorded when these children executed numerical comparison tasks in both Arabic digit and dot array forms. We found that: (a) the abacus-trained group had superior mathematical abilities than their peers; (b) distance effects were found both in behavioral results and on EEG waveforms; (c) the distance effect size of the average amplitude on the late negative-going component was different between groups in the digit task, with a larger effect size for abacus-trained children; (d) both the behavioral and EEG distance effects were modulated by the notation. These results revealed that the neural substrates of magnitude processing were modified by AMC training, and suggested that the mechanism of the representation of numerical magnitude for children with superior mathematical abilities was different from their peers. In addition, the results provide evidence for a view of non-abstract numerical representation.
Introduction
The processing of numerical magnitude is crucial for individual mathematical ability (Butterworth, 2005) and is thought to be a key precursor of mathematical competencies (Ansari and Karmiloff-Smith, 2002) . One of the best established markers of numerical magnitude processing is the distance effect (DE) (Szũcs et al., 2007; Soltész et al., 2011) : the larger the distance between two numbers, the easier it is to discriminate between them. This effect was first reported by Moyer and Landauer (1967) , and then replicated in adults (Henik and Tzelgov, 1982; Dehaene et al., 1990; Turconi et al., 2004) , children (Szũcs et al., 2007; Soltész et al., 2011) , and individuals with mathematical disabilities (Price et al., DEs exist commonly and across all ages in numerical magnitude processes. Neuroimaging studies suggest that the horizontal intraparietal sulcus (HIPS) was found to be modulated by the numerical difference between numerals in the human brain (Dehaene et al., 2004; Ansari et al., 2005; Mussolin et al., 2010a) . Electroencephalography (EEG) studies also detected DEs in adults (Dehaene, 1996) , children (Temple and Posner, 1998; Szũcs et al., 2007) , and adolescents with developmental dyscalculia (Szũcs et al., 2007) , and revealed that voltage differences on late components in occipito-parietal regions (on occipito-parietal electrodes) were associated with numerical distance in numerical comparison tasks (Dehaene, 1996; Temple and Posner, 1998; Szũcs et al., 2007) .
Researches focused on the relationship between DEs and individual numerical abilities reported that larger behavioral DEs were thought to be concomitant with lower mathematical achievement in children (de Smedt et al., 2009; Holloway and Ansari, 2009) . This relationship was also evidenced in studies on children with mathematical disabilities or developmental dyscalculia, which showed that children with mathematical disabilities have particular deficits in the understanding and processing of numerical magnitudes (Landerl et al., 2004) . Imaging studies also found an age-related increase of distance-related activation in the inferior parietal cortex for numerical magnitude comparisons (Ansari et al., 2005) . EEG studies focused on the DEs showed that differences between adolescents with developmental dyscalculia and the control were located on parietal electrodes in the late component of the EEG waveforms (400 and 440 ms) . All these studies indicated that the DEs of children with superior mathematical achievement should be different from the normal. However, this has not been confirmed. In the current study, we adopted the numerical magnitude comparison task and investigated the differences between the DEs of typically developed children and a special group of children who acquired superior mathematical abilities through abacus-based mental calculation (AMC) training.
AMC is a unique strategy for arithmetic, which can be used to solve calculation problems with exceptional speed and high accuracy (Hatano et al., 1977) . AMC experts acquire their capabilities through long-term training. Initially, they learn to perform calculations on an abacus (a simple device consisting of beads and rods, and where numbers can be represented by the spatial locations of beads) with both hands simultaneously. The schematic of an abacus and the procedure of solving a calculation problem are shown in Fig. 1a . After becoming familiar with the operation of the abacus, they are instructed to imagine moving beads with actual finger movements on an imagined abacus while watching a real one. Finally, they calculate via an imagined abacus without moving fingers, as if manipulating a "mental abacus".
Previous studies, which explored the neural mechanisms of AMC, have found that the "mental abacus" was represented in the visuospatial regions located in parietal regions of the brain (Hanakawa et al., 2003; Chen et al., 2006; Frank and Barner, 2012; Du et al., 2013) . Moreover, Frank and Barner (2012) revealed that the "mental abacus" was represented by a column-based model, in which the abacus is split into a series of columns and each column is independently stored as a unit with its own detailed substructure. Our previous study implied that this special visuospatial representation of numerals may result in greater numerical processing efficiency for experienced abacus-trained children than for their peers (Wang et al., 2013) .
However, the DE that reflects basic numerical magnitude processing was rarely studied for AMC trainees, especially in the time course. Based on results of previous studies that focused on basic numerical magnitude processes and AMC experts, we assumed that the DE of abacus-trained children should be different from that of their peers. Therefore, by applying EEG with its high temporal resolution, we explored the relationship between DE and superior mathematical abilities by examining whether and how the AMC training modifies the numerical magnitude processing. According to the DE-related EEG results mentioned above (Dehaene, 1996; Temple and Posner, 1998; Soltész et al., 2007) , we assumed that the EEG differences between the DEs of abacustrained children and their peers may be located on occipito-parietal electrodes (Dehaene, 1996; Temple and Posner, 1998) and probably on late components .
Materials and methods

Subjects
Two groups of children participated in the study, consisting of an abacus-trained group (8 boys and 10 girls, mean age (7.96±0.40) years, range 7.30-8.61 years) and an age-and education-matched non-trained group (9 boys and 9 girls, mean age (7.93±0.54) years, range 7.03-8.77 years). These children were recruited from different classes of the same grade in the same school. At the beginning of their schooling, all children were randomly assigned into two experimental groups. The abacus-trained group received AMC training for about 2 h per week for approximately one and a half years in special mathematics classes at school. The non-trained group received normal mathematics classes at school and received no AMC training either at school or after school.
All participants were urban right-handed Chinese children with normal or corrected-to-normal vision, and reported no history of neurological or psychiatric disorders. This study was approved by Zhejiang University (China). Written informed consent was obtained from the guardian of each subject.
Behavioral tests
The basic mathematical competencies of children were assessed with the Chinese Rating Scale of Basic Mathematical Competencies at the Elementary School Level (Wu and Li, 2006) , which was modified from the Heidelberg Mathematics Test (Haffner et al., 2005) . Children's intelligence quotients (IQs) were also measured using the Chinese version of the Raven's Standardized Reasoning Test (Zhang and Wang, 1985) .
Stimuli and tasks
To begin each trial, subjects fixated on the center of a 17-inch computer monitor. Stimuli consist of either one of the digits, 2, 4, 6, and 8 or arrays of dots corresponding to those digits. Digits were presented with a font-size of 40; arrays of dots were randomly assigned into a 3×3 grid (the lines of the grid were hidden). Numbers were presented in a random order. The visual angle of numbers was about 4°×4°. Stimuli were presented using E-Prime (Version 1.2) with a display mode of 800×600 pixels. Each trial started with a fixation cross (500 ms), followed by a number, and ended with another fixation cross (500 ms). Subjects were asked to press a key as rapidly as possible to indicate whether the stimulus was larger or smaller than 5. The assignment of larger or smaller to keys was balanced over subjects. Stimuli remained on the screen until the button was pressed. The test consisted of a practice set of 20 trials and 4 blocks of 60 recorded trials per subject.
EEG data acquisition
The EEG was recorded from 64 sites according to the international 10-20 system using a Neuroscan Synamps2 amplifier and data acquisition software. The vertical electrooculogram (EOG) was recorded from electrodes attached above and below the left eye, and the horizontal EOG from the outer canthi of both eyes. The reference electrode was placed at the left mastoid. The ground electrode was placed at a point midway between Fpz and Fz electrodes. Skin impedances were kept below 5 k. The EEG was sampled at 1000 Hz, band-pass filtered from 0.01 to 100 Hz, and notch-filtered for 50 Hz. During the data recording, subjects were told to fixate on the center of the monitor, keep their bodies steady, and minimize movement of eyes and facial muscles.
Statistical analysis
Four children's (two abacus-trained children) mathematical competency scores and two children's (one abacus-trained child) IQ scores were lacking as these children were absent when the mathematical competencies and IQs were tested. Six abacus-trained children (4 boys) and 2 non-trained children (2 boys) were excluded in the EEG data analysis due to recording problems, but no behavioral data of the tasks were excluded. All statistical analyses were performed with SPSS for Windows (Version 16.0, SPSS Inc., Chicago, IL, USA).
Behavioral analysis
Scores of the mathematical competencies and IQs of the two groups were subjected to independent sample Student's t-tests to determine group differences separately. The median reaction time (RT) was calculated for each participant in each condition on correct trials only. These correct median RTs (also accuracies) were subjected as a dependent variable to repeated measures analysis of variances (ANOVAs) with notation (digit vs. dot) and distance (close to 5 vs. far from 5) as within-subjects factors and group as a between-subjects factor.
EEG analysis
EEG and EOG data were processed with the Scan 4.3.3 software (Neuroscan Inc., El Paso, TX, USA). EEG waveforms were corrected for EOG interference and re-referenced to the average of all electrodes. Epochs were extracted from −200 to 800 ms relative to the stimulus onset and baseline-corrected relative to the −200 to 0 ms interval. Trials with EEG activity exceeding ±120 μV or with an incorrect response were excluded from further analysis. Remaining trials were averaged for each type of stimulus separately for each subject. Average waveforms were filtered with a low-pass filter of 30 Hz.
Based on visual inspection of grand average waveforms and previous EEG studies on numerical processing (Dehaene, 1996; Temple and Posner, 1998; Heine et al., 2013) , we selected the N1 component, the P300 component, and the late negative-going component (interval: 350-650 ms) on occipito-parietal electrodes (PO7 and PO8) for the statistical analysis. Peak latencies and amplitudes for N1 and P300 and the mean amplitudes of the late negative-going component were subjected to repeated measures ANOVAs with notation (digit vs. dot) and distance (close vs. far) as within-subjects factors and group as a between-subjects factor for both PO7 and PO8 electrodes.
Results
Behavior data
The analysis of mathematical competency scores revealed a significant difference between the two groups with a larger value for the abacus-trained group (t=5.045, p<0.001, Cohen's d=1.559; T scores were 58.54±6.05 and 47.15±6.70 for the abacustrained and non-trained children, respectively; Cohen's d is an effect size used to indicate the difference between two means), while no difference was found between groups in the IQ analysis (t=1.226, p=0.229, Cohen's d=0.420).
The analysis of RT revealed significant effects of notation (F(1, 34) Fig. 1b .
The analysis of accuracies revealed that only the DE was significant (F(1, 34) 
EEG data
For the N1 and P300 components, peak latency and amplitude (Tables 1 and 2 ) analyses were undertaken. For the late negative-going component, the average amplitude (interval: 350-650 ms) analysis was made. The average amplitudes for each condition are shown in Table 3 . For the latency of the N1 component, the main effect of notation was significant on both PO7 and PO8 electrodes (PO7 : F(1, 26) Grand average waveforms in the digit task were shown in Figs. 2a and 2b for the non-trained and abacus-trained groups, respectively. 2 Grand average and subtraction waveforms for the non-trained and abacus-trained groups in the digit task (a) Grand average waveforms of close distance and far distance for the non-trained group in the digit task on PO7 and PO8; (b) Grand average waveforms of close distance and far distance for the abacus-trained group in the digit task on PO7 and PO8; (c) Subtraction waveforms of the abacus-trained and non-trained groups in the digit task on PO7 and PO8
Late negative-going component
For the average latency of the negative-going component (interval: 350-650 ms), the main effect of distance was significant on both PO7 and PO8 electrodes (PO7 : F(1, 26) To further examine the interaction of notation× distance×group, the size of DE was calculated as the difference between the amplitudes of the close condition and the far condition. These DE sizes were then subjected to repeated measures ANOVAs with notation (digit vs. dot) as a within-subjects factor and group as a between-subjects factor. Results showed that the effect of notation was significant on the PO7 electrode (F(1, 26)=7.03, p=0.006, η p 2 =0.261). The two-way interaction of notation×group was significant on the PO7 electrode (F(1, 26)=7.14, p=0.013, η p 2 =0.215). Decomposition into contrasts showed that the group effect was significant only in the digit on PO7 (t=−3.00, p=0.006, Cohen's d=−1.30), with larger DE size for the abacus-trained group than for the non-trained group. Subtraction waveforms of the abacus-trained and non-trained groups in the digit task are shown in Fig. 2c .
Discussion
The present study investigated the neural substrates of numerical processing in children with AMC training compared to their peers. We observed that: (a) the abacus-trained group had superior mathematical abilities than their peers; (b) DEs were found in both behavioral results and on EEG waveforms; (c) the DE size on the amplitude of the late negative-going component was different between groups in the digit task with larger effect size for abacus-trained children, although no behavioral differences were detected between the DE sizes of the two groups in tasks of both notations; (d) both the behavioral and EEG DEs were modulated by the notation.
The mathematical competency scores of the two groups were significantly different with higher scores for abacus-trained children, indicating that the abacustrained group had superior mathematical abilities than their peers. Meanwhile, no differences were detected between the IQs of the two groups, indicating that both groups had comparative intelligence. This supported the point of view that the observed differences between groups were likely to correspond to different developmental trajectories.
In the behavioral result, both groups of children showed DEs in tasks of both notations. This result is in line with previous findings showing that items far from the standard are processed faster than the close, indicating that children can access the mental representation of the number line in a comparison task (Temple and Posner, 1998; Szũcs et al., 2007; Soltész et al., 2011) . However, the interaction between group and distance was not significant, indicating that the behavioral DEs were similar for the two groups. This is dissociated from the view that larger behavioral DEs were thought to be concomitant with lower mathematical achievement in children (de Smedt et al., 2009; Holloway and Ansari, 2009) . The reason for this dissociation might be that the intensity of the AMC training was not sufficient to change the behavioral DE when the numerical comparison problems were carried out. Also we should note that the sample size of the present study (36 children) is not huge according to the standards of behavioral studies, and a larger and/or more varied sample might possibly provide somewhat different results, at least in detail. This may also result in the disassociation between the present behavioral result and previous results.
Consistent with the EEG result reported by Dehaene (1996) , the N1 component showed no DE. However, notation effects on the N1 latency and amplitude were considerable, supporting the idea that N1 effects were related to differences in sensory processing (Libertus et al., 2007) . Additionally, similar to previous results (Grune et al., 1993; Dehaene, 1996; Schwarz and Heinze, 1998; Jiang et al., 2010) , our study showed DEs on the occipital-parietal P300 component in the digit task, which was characterized with more positive amplitudes and shorter latencies for far conditions than for close conditions. As close conditions are harder and need more effort than far conditions, our results revealed that larger amplitudes and shorter latencies of P300 were corresponding to easier comparison problems (with far distance). These results confirm the view that the P300 amplitude is negatively correlated while P300 latency is positively correlated with difficulty (Picton, 1992; Paulsen and Neville, 2008) .
Most importantly, DEs were statistically significant in the analysis of the mean amplitude of the late negative-going component in the digit task. Sizes of DEs were different between the two groups of children, with a larger effect size for abacus-trained children. These results support our hypothesis: the DE of abacus-trained children is different from their peers. The finding suggests that the neural substrates under the magnitude processing have been modified during the course of AMC training. This is consistent with the previous conclusion of our study, which showed that substantial gains in numerical processing efficiency could be achieved through long-term intensive AMC training (Wang et al., 2013) . Some earlier research suggests that abacus training need not always lead to transfer to other mathematical tasks (Hatano, 1988) . This is different from the present result and the conclusion of Wang et al. (2013) . The reason for this is complicated. In particular, different forms of training played an important role and may result in diverse outcomes.
However, no DEs were found in the dot task on EEG results, although behavioral results showed significant DEs. This finding supports the idea that similar behavioral effects can be produced by different mechanisms (Rumelhart et al., 1986; Cohen Kadosh et al., 2007) .
Interactions between notation and distance were detected in both behavioral and EEG results, revealing that the DE was modulated by the notation (i.e. notation-dependent). This result challenges the commonly held view of abstract numerical representation, which suggests that the same representation exists for different notations of numbers (Mccloskey, 1992; Dehaene and Akhavein, 1995; Dehaene et al., 1998; Schwarz and Ischebeck, 2000; Naccache and Dehaene, 2001; Pinel et al., 2001) , and supports the view of non-abstract numerical representation held by Cohen Kadosh and Walsh (2009) . The view of the non-abstract numerical representation is also evidenced by many studies. For example, Ganor-Stern and Tzelgov (2008) found that when subjects were asked to compare pairs of numbers for their numerical value, the DE was modulated as a function of notation. Holloway and Ansari (2009) found that the DE was only correlated with mathematical achievement when the numerical notation was in digit form (comparing to numbers appearing as squares). Together with all these studies, our findings provide evidence directly challenging the idea that numbers are represented abstractly and suggest that different developmental trajectories underlie the representation of symbolic and non-symbolic numerical magnitudes.
Overall, although no differences between the behavioral DES of the two groups were detected, the EEG waveforms did show a significant difference between the DE sizes of the two groups on the amplitude of the late negative-going component in the digit task. Together with the result that abacus-trained children have superior mathematical competencies, the present study suggests that the neural mechanism of the representation of numerical magnitude for children with superior mathematical ability may be different from that for their peers.
In conclusion, the present study showed differences in DEs on EEG data between the abacus-trained and non-trained groups in the digit task. These differences indicated that the neural substrates of magnitude processing were modified during the course of AMC training, although no differences were detected on behavioral data between groups. These results suggest that the neural mechanism of the representation of numerical magnitude for children with superior mathematical ability may be different from that for their peers. Meanwhile, our results provide powerful evidence for the view of non-abstract numerical representation, suggesting that developmental trajectories underlying the representation of symbolic and non-symbolic numerical magnitudes are not matched (Cohen Kadosh and Walsh, 2009 ).
However, we need to mention that there are limitations in the present study. Firstly, the sample size of the present research is not huge for behavioral studies. The condition of a larger sample size should be explored in the future to verify the present result. Secondly, we need to note that training forms were crucial to the outcomes of the training. Differences between the training courses in different studies may cause subtly different effects; and differences between abacus training and some other forms of training may also have somewhat different effects on brain and/or behavioral performances. This should be considered when comparing the present findings to previous results and in future training studies. Thirdly, the present study mainly focused on the field of numerical magnitude processing; the other factors, which were also considered as markers of mathematical competence such as dot enumeration (Reeve et al., 2012) , should also be investigated in future studies.
